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Abstract
We measured reaction times for detecting motion onset for sinusoidal gratings whose contrast was modulated in either
luminance or chromaticity, for various drift rates and contrasts. In general, reaction times to chromatic gratings were slower than
to luminance gratings of matched cone contrast, but the difference in response depended critically on both contrast and speed.
At high image speeds there was virtually no difference, whereas at low speeds, the difference was pronounced, especially at low
contrasts. At high image speeds there was little dependence of reaction times on contrast (for either luminance or colour), whereas
at low speeds the dependence was greater, particularly for chromatic stimuli. This pattern of results is reminiscent of those found
for apparent speed of drifting luminance and chromatic gratings. We verified the effects of contrast on perceived speed, and went
on to show that the effects of contrast on reaction times are totally predictable by the perceived speed of the stimuli, as if it were
perceived rather than physical speed that determined reaction times. Our results support the idea of separate systems for fast and
slow motion (with separate channels for luminance and colour at slower speeds), and further suggest that apparent speed and
reaction times may be determined at a similar stage of motion analysis. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction
There is good evidence, both physiological and psy-
chophysical, for separate processing of colour and
motion in primate vision [1–3]. However, it is now
quite clear that the separation is by no means com-
plete, and that purely chromatic equiluminant stimuli
can carry unambiguous information about motion,
even when luminance artefacts are strictly controlled
[4–6]. Indeed, contrast sensitivity for motion of chro-
matic stimuli can be greater than that for luminance
[7].
However, although chromatic pathways clearly
carry motion signals, the quality of the motion is
distinctly different from that defined by luminance: it
is slower and less smooth [8,9]. Furthermore, the dif-
ference in apparent speed of chromatic and luminance
stimuli depends on both contrast and physical speed.
Thompson [10] showed that the apparent speed of
luminance gratings increases with contrast, but only
at relatively slow speeds. More recently, Hawken et
al. [11] showed that the apparent speed of equilumi-
nant gratings also depends on contrast, with a far
greater gain than for luminance gratings; but again,
this occurs only at slow speeds [12]. At 1°:s, the ap-
parent speed of a chromatic grating increases with the
square-root of contrast, whereas that for a luminance
grating increases with only about the fifth root. At
faster speeds, however, the apparent speed of both
luminance and chromatic gratings is virtually indepen-
dent of contrast (agreeing with Thompson’s original
work with luminance gratings).
The speed matching experiments, together with
threshold measures of direction discrimination
[4,14,37], led Gegenfurtner et al. [15] to suggest that
motion is processed by two separate streams, depend-
ing on temporal frequency or speed (consistent with
older ideas of such a separation: [16–18]). Fast mov-
ing stimuli are processed through a stream tuned to
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high temporal frequencies, that is equally sensitive to
luminance and equiluminance (although it probably
does not encode chromaticity). The properties of this
stream correspond well to those of the magno-cellular
stream, and particularly well to the properties of corti-
cal area MT, the putative motion centre [19]. Slow
motion, on the other hand, is processed by a separate
system that responds differently to the motion of lumi-
nance and chromatic patterns. The motion signal from
the luminance branch of this system is relatively con-
trast-independent, while the chromatic signal depends
strongly on contrast. This idea receives further support
from visual evoked potential studies in humans. At
relatively low temporal frequencies (B10 Hz) the
chromatic response has a much longer latency than
the luminance response, but at higher temporal fre-
quencies the latencies to the two types of stimuli are
very similar [20]. However, the reader is referred to
[21] for a different interpretation of these findings,
with separate chromatic and achromatic channels at
both low and high speeds.
Most psychophysical techniques are designed to
study the behaviour of a system at threshold, from
which it can be difficult to draw firm conclusions of its
suprathreshold performance. A useful, if somewhat ne-
glected, technique is to measure reaction times to mo-
tion onset (or offset). Reaction times depend very
strongly on image speed, with effects ranging over
several hundreds of ms [22–25]. Almost all results are
well fit by a version of Pie´ron’s equation, originally
formulated to account for variation in reaction time
with intensity [26,27]. The relationship is given by:
RRaV
b (1)
where R is reaction time, R is a constant that does
not vary with velocity (comprising both the motor
component and an invariant sensory component), V
image speed, and a and b arbitrary constants. The
estimate of the index b varies with different experi-
mental paradigms, between 0.5 and 1.
Several models have been proposed to explain the
dependency of reaction times on velocity. The simplest
is a critical-distance model, assuming that the stimulus
must traverse a critical minimum distance for motion
to be detected. This predicts that reaction times should
vary linearly with velocity, or b1, but few data
(except [24]) support this prediction. Other fairly sim-
ple models provide better fits to the bulk of the data,
with indexes closer to 0.5 [25,28,29].
Reaction times also vary with contrast, at least for
detection of stimulus onset [30,31]. Again, the data are
well predicted by Pie´ron’s formula (Eq. (1), with con-
trast replacing speed), with b0.3 [31]. The effect of
contrast on reaction times to motion onset has not yet
been investigated.
The fact that both perceived speed and reaction
time depend strongly on contrast led us to ask if the
two supra-threshold measures of visual motion may be
connected, and if reaction times could be used to
probe further the luminance and chromatic motion
channels. Specifically, it is possible that reaction times
may vary with perceived, rather than physical speed,
implicating a common mechanism for both. There is
some suggestion that this may be the case. Tynan and
Sekuler [23] showed that both reaction times and per-
ceived velocity depend on retinal eccentricity, but did
not pursue the relationship quantitatively. Similarly,
simple reaction times [32] and reaction times for mo-
tion onset and offset [24] are longer for chromatic
than for luminance stimuli. Troscianko and Fahle
have suggested that the longer reaction times for chro-
matic stimuli result directly from the fact that chro-
matic gratings appear to move more slowly (with some
quantitative evidence), and went on to explain this
with an argument based on under-sampling.
Here we pursue further the relationship between
contrast, apparent speed and reaction times to motion
onset, for both luminance and chromatic stimuli. The
results show that reaction times to both luminance
and chromatic patterns depend on perceived velocity,
not physical velocity, suggesting that similar mecha-
nisms are responsible for both effects.
2. Methods
2.1. Stimuli
The stimuli for this study were horizontal sinusoidal
gratings of 1 c:°, modulated either in luminance or in
chromaticity (red–green equiluminant), generated by
framestore (Cambridge VSG) and displayed on the
face of a Barco monitor at 120 frames:s. The display
area was 3525 cm, subtending 2014° at the view-
ing distance of 1 m. Only the red and green guns of
the monitor were activated, so the background colour
was yellowish when viewed through Kodak 16 wratten
filters (heavily attenuating wavelengths shorter than
500 nm). Chromatic gratings were constructed by
combining red and green gratings of equal but oppo-
site contrast, as is now standard. The mean luminance
of the red gun was fixed at 50% maximum value,
while the green mean-luminance could be adjusted to
vary the ratio of red-to-total luminance to establish
equiluminance for each observer. This is described in
the results section and shown in Fig. 1. At equilumi-
nance the mean luminance was 20 cd:m2.
The contrast of the chromatic gratings was ex-
pressed in RMS cone-contrast units. This was calcu-
lated by transforming the CIE co-ordinates of the
stimuli into cone excitations using the Smith and
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Fig. 1. Reaction times to motion onset of chromatic gratings as a function of colour ratio, for two speeds, 1°:s (filled symbols) and 10°:s (open
symbols). Colour ratio is defined as the ratio of red to total luminance. In practice, the red luminance was held constant and the green varied,
causing a variation of 17% mean luminance over the range studied here (from 17–22 cd:m2). The physical contrast of both guns was 50%. The
peaks of the curves at 1°:s were near 0.5, taken as the equiluminance points for all further studies.
Pokorny primaries of [33]. In practice it was equivalent
to dividing the Michaelson contrast by 3.6. The CEI
co-ordinates were 0.65, 0.34 and 0.40, 0.60 for red and
green, respectively, producing maximum cone contrasts
of 0.13 and 0.37 at equiluminance.
2.2. Reaction times
For the reaction time experiments, observers were
required to respond as quickly as possible to motion
onset. Sinusoidal gratings were stationary on the
screen, until observers initiated a trial by release of a
response button. After a brief delay from 1 to 2 s, the
grating moved abruptly upwards or downwards (at
random). The observer responded to the motion as
quickly as possible by button-press, and released the
button to initiate the next trial when ready. The ob-
server simply responded to the motion, irrespective of
its direction (simple reaction times). However, a series
of control experiments (not reported here) where ob-
servers were required to indicate motion direction
(choice reaction time) yielded very similar results to
those presented here.
In any given session, several grating speeds or con-
trasts were randomly intermingled. Five trials were run
for each condition in each session, with four separate
sessions per condition, giving a total of 60 trials per
condition. The mean reaction time, together with its
standard error, was calculated after elimination of out-
liers (\2.5 S.D. from the mean). Trials B100 ms or
\2 s were also eliminated. The reaction time distribu-
tions were inspected by eye for each condition, and
were always seen to follow a reasonable approximation
to Gaussian, with median similar to the mean.
2.3. Speed matching
To measure apparent speed of drifting gratings, ob-
servers were presented with two successive stimuli: a
test grating, either luminance or colour of variable
contrast, followed by a probe grating of equal but
opposite velocity. The probe was usually a luminance
grating of 50% contrast, except for the chromatic con-
dition at the slowest speed (0.25°:s), where it was a
colour grating of 12% RMS cone contrast (because of
the impossibility to get a good match in this condition
with the luminance grating).
The observers’ task was simply to report which grat-
ing appeared to move more quickly, by appropriate
button press. An adaptive routine QUEST [34] esti-
mated the apparent speed of the test after each trial,
and adjusted the speed of probe grating to straddle this
range. After three sessions, each of 25 trials, a cumula-
tive Gaussian curve was fitted to the results to obtain
the final estimate of apparent speed.
Three observers were used throughout the study, two
authors DCB and AF (aged 45 and 70) and a student
SM (aged 26) who was naı¨ve of the goals of the
experiment.
3. Results
3.1. Reaction times near equiluminance
We first measured reaction times for stimuli of differ-
ent red–green ratios, to investigate the effect of colour
mix on reaction times and to establish equiluminance
for the observers under these conditions. The gratings
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were 1 c:°, caused to move either at 1°:s (filled symbols
of Fig. 1) or 10°:s (open symbols). The contrast of both
guns was 50%. The red gun was fixed at 50% maximum
luminance, while the green luminance was adjusted to
vary the ratio of red-to-total luminance. In practice,
this meant that mean-luminance increased as the lumi-
nance of the green gun increased, but over the range
used in this experiment, the maximum variation in
mean luminance was only 17%.
The reaction time results are shown in Fig. 1. For
both velocities, reaction times were longer at colour-ra-
tios near 0.5, and decreased for higher or lower ratios.
The difference was more marked at 1°:s, but present
also at the higher velocity. Except for SM, the maxi-
mum reaction time occurred at the same point for both
velocities. As the larger effects were at 1°:s, we chose
the maximum of those curves as the equiluminant
points for use in the remainder of this study. In all
cases, the equiluminant point was chosen to be 0.5, the
Vl equiluminant point. It also corresponded well to
equiluminance established by flicker-photometry under
these conditions.
Many techniques are available to judge equilumi-
nance, mostly somewhat subjective, such as heterochro-
matic flicker-photometry, minimum distinct border,
minimum motion, etc. One advantage of the present
technique is that it does not rely on subjective judge-
ments, but provides an operational definition for this
particular task: whatever the reasons, the equilumi-
nance point selected here produced the slowest reaction
times under these conditions. The fact that equilumi-
nance varied so little from subject to subject, or with
stimulus speed, gave us further confidence of the valid-
ity of the method (cf [21]). We also monitored (infor-
mally) the variation of equiluminance with eccentricity
with small grating patches (given that our stimulus was
large): there was some variation, but only 2% of
colour-ratio over the extent of the stimulus used here.
3.2. Effect of speed on reaction times
As mentioned earlier, previous research has shown a
strong effect of image speed on reaction time for mo-
tion onset, at least for stimuli modulated in luminance
contrast. We measured reaction times over a range of
speeds (three orders of magnitude), for both luminance
and chromatic gratings. RMS cone contrast for both
was 13% (so the Michaelson contrast of each gun of the
equiluminant gratings was 50%).
The results are shown in Fig. 2. As in most of the
following graphs, filled squares show the results for
luminance, and open circles for equiluminance. In
agreement with previous results, there was a very strong
effect of speed on reaction times, particularly for speeds
B1°:s. Over this range, the reaction times for chro-
matic stimuli are much longer than those for luminance
Fig. 2. Reaction time as a function of grating speed for luminance
(
) and chromatic () gratings, both at 12% RMS cone contrast.
Reaction times increased for both luminance and chromatic gratings
at speeds B1°:s. The smooth curves are best fits of Pie´ron’s formula
(Eq. (1)), using the parameters of Table 1. Note that as spatial
frequency is 1 c:°, the abscissa also represents temporal frequency, in
Hz.
stimuli, whereas for speeds \1°:s, they are very simi-
lar. Note that as the spatial frequency of the grating
was 1 c:°, the abscissa also gives the temporal drift
frequency, in Hz (probably the more relevant
description).
The smooth curves passing through the data are best
fitting Pie´ron equations (Eq. (1)). Table 1 shows the
values of the constants for the six separate curves. b
varies between 0.6 through to 1.2, with a tendency to be
higher for the luminance than the colour data. How-
ever, the high values of b result mainly from the fact
Table 1
Best fitting parameters for Pie´ron’s formulaa
Luminance Colour
aRba Rb
35 1.1 252 115 0.84 252DCB
90 0.81 357SM 197 0.80 386
0.66 230AF 29 1.23 242 201
a Eq. (1), RRaV
b, where R is reaction time and V is image
speed.
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Fig. 3. Reaction times as a function of contrast for three different grating speeds. As before, luminance is indicated by filled squares and colour
by open circles. For the chromatic gratings, reaction times varied considerably with contrast, but only at the slower speeds. The continuous and
dotted curves are the best fits of Eq. (2) to the luminance and chromatic data (parameters in Fig. 4). The filled and empty arrowheads indicate
the thresholds for seeing direction of motion, for luminance and colour, respectively (average of three method-of-adjustment settings).
that the luminance curves extend to slower speeds than
do the colour curves (because the task was virtually
impossible with chromatic stimuli at very low speeds).
Excluding these points from the fit gave lower exponent
values for luminance data, as typically seen in other
studies.
3.3. Effect of contrast on reaction times
We next measured the effect of contrast on reaction
times for luminance and chromatic gratings for three
representative speeds: 0.25, 1 and 10°:s. The contrast is
plotted as RMS cone contrast, so the maximum value
for chromatic gratings was 26% (compared with 95%
for luminance). For each class of grating we measured
the contrast threshold for direction discrimination for
each observer, by the method of adjustment (average of
three settings). Thresholds are indicated by the arrow-
heads on the abscissae of Fig. 3.
At 10°:s there was very little dependence on contrast,
and only for contrasts near threshold. Reaction times
were longer at low contrasts, but in general only at
contrasts near threshold; reaction times for chromatic
stimuli were similar to those of luminance stimuli at all
contrasts. However, at the slower speeds of 0.25 and
1°:s, there was a strong dependence on contrast for
chromatic stimuli. Reaction times were similar to those
of luminance stimuli at 26% (the highest chromatic
contrast), but the two curves diverged rapidly at lower
contrasts.
As mentioned earlier, a version of the Pie´ron equa-
tion has been used to describe the dependency of reac-
tion times on contrast [31]. We applied this equation to
the data of Fig. 3 and also found that it provided an
adequate fit. However, we did not persist with this
function for two reasons. Firstly, the equation cannot
describe the contrast results generally, but only for
supra-threshold contrasts. Below threshold, or even in
the range where detection is B100%, reaction times
must be infinite. Secondly, the three parameters of the
Pie´ron equation do not give a unique description of the
contrast dependency, as a and b trade off with one
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another to give the best fit. Furthermore, the trade-off
of their values depended critically on whether measure-
ments were made near threshold.
We therefore devised an alternate formula that nor-






where R is reaction time, x contrast, t threshold, R
the reaction-time asymptote (like Eq. (1)) and a the
constant determining steepness of the curve. The equa-
tion is useful in that it asymptotes to infinity at
threshold (as reaction time data must) and has a single
estimate of contrast dependency, a, measured in ms
log-contrast.
The smooth curves of Fig. 3 are the fits of this
function, with t given by the measured threshold esti-
mates for direction discrimination, and a and R free
to vary. As seen by inspection, the fits are quite accept-
able. In fact they had much lower x2 than the Pie´ron
equation, probably because there were only two vari-
able parameters in this function, compared with three
in the other.
Fig. 4 plots the contrast dependency a as a function
of image speed, for luminance and colour. Although
there was some variation in magnitude between observ-
ers, the trend is the same with all. At high image speeds
a is small (#30 ms log-unit), and very similar for
luminance and colour. At slower speeds, the contrast
dependency for colour diverges considerably from that
for luminance, to reach values of 600 ms log-contrast.
3.4. Effect of contrast on apparent speed
The effects of contrast on reaction times of luminance
and chromatic stimuli are reminiscent of those observed
for apparent speed by Hawken et al. [11] described in the
introduction. Here we repeat the velocity matching
experiments under the same conditions used for the
reaction time study, and go on to demonstrate quantita-
tive similarities between reaction time and apparent
speed. We measured apparent speed relative to a probe,
usually a luminance grating of 50% contrast, initially of
the same physical speed. However, for the 0.25°:s chro-
matic condition, the probe was a chromatic grating of
12% contrast, as the match with luminance required a
velocity below the resolution of the waveform generator.
The results, shown in Fig. 5, basically replicate [11]. At
high image speeds neither luminance nor chromatic
gratings showed any dependence on contrast. At the
slower speeds, chromatic gratings depended strongly on
contrast, while the dependency of luminance gratings
was much less.
The curves relating apparent speed to contrast are well
fit by a power function. The index of this function (the
slope of the linear regression in logarithmic co-ordinates)
provides a simple characterisation of the contrast depen-
dency. These regressions are shown by the dotted and
dashed lines of Fig. 5. Fig. 6 plots the slopes of the
regression lines as a function of image speed, for lumi-
nance and colour. This plot brings out clearly the fact
that the contrast dependency occurs only at low speeds,
where it is considerably greater for chromatic than
luminance gratings.
3.5. Relating reaction times to apparent speed
The previous sets of results suggest that reaction
times and apparent speed depend on contrast in similar
ways: in both cases there is little dependency for lumi-
nance gratings at any speed, or for fast chromatic
gratings; but slowly moving chromatic gratings show a
strong contrast dependency for both apparent speed
and reaction time. This is brought out most clearly in
Figs. 4 and 6, both of which show very similar patterns.
However, it is not obvious what the quantitative con-
nection should be between the two sets of data. To
examine this further, we relate both sets of data to the
relationship of reaction time to speed.
Fig. 4. Contrast dependency (a of Eq. (2)) for luminance (
) and
chromatic () stimuli as a function of image speed (data from Fig.
3). The units of the dependency are ms log-contrast.
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Fig. 5. Apparent speed of luminance (
) and chromatic () as a function of contrast, for three different speeds.
The smooth curves of Figs. 7 and 8 are the Pie´ron
functions for the reaction time versus speed data, re-
plotted from Fig. 2, for luminance and colour stimuli,
respectively. The reaction time data from Fig. 3 (mea-
sured as a function of contrast) are also plotted in Figs.
7 and 8, after suitable transformation. For each condi-
tion, contrast was transformed into apparent speed,
calculated from the speed matches reported in Fig. 5.
The reaction time data measured at different contrasts
were then plotted in Figs. 7 and 8 as a function of
apparent speed (open symbols).
For both luminance and chromatic gratings, this
transformed data tended to follow well that collected at
constant contrast and variable speed. In the case of
luminance (Fig. 7), there was little dependence of either
apparent speed or reaction time on contrast, so the
contrast data tend to cluster over a small range (except
perhaps for SM, the less experienced observer). Given
the small variation, it is perhaps not surprising that the
points do not deviate greatly from the curve. However,
for the chromatic gratings (Fig. 8), there was a consid-
erable range of apparent speeds and reaction times at
the lower speeds, and these points also tended to follow
the curve predictions over a considerable range. Thus,
there is not only a qualitative agreement in the depen-
dency of reaction times and apparent speed on contrast,
but also a fairly good quantitative agreement.
3.6. Comparing luminance with chromatic reaction
times
The previous results showed that the effect of con-
trast on reaction times could be well accounted for by
the apparent speed of the gratings of different contrast.
Here we test whether the differences between luminance
and chromatic gratings may also be consistent with
differences in apparent speed.
Fig. 9 reports speed matches of chromatic gratings,
with a luminance probe of the same contrast (12%). At
high speeds the match tended to be veridical, but
diverged at lower speeds, where the chromatic gratings
appeared slower than the luminance gratings.
We then used these data to replot the reaction times
to chromatic stimuli as a function of apparent rather
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than real speed. Fig. 10 replots the reaction time results
(from Fig. 2) for chromatic and luminance gratings as a
function of real speed, represented by the open circles
and filled squares, as before. It also shows the chro-
matic reaction times plotted as a function of apparent
speed (star symbols), scaling the real speed by the
matches of Fig. 9. This transform from real to apparent
speed brings the reaction times for chromatic gratings
much closer to the luminance data (if not completely
superimposed). The points that do not match precisely
tend to be those at very slow speeds, where the speed
matching was very difficult.
4. Discussion
The present results show that reaction times to mo-
tion onset vary enormously with image speed, contrast
and chromaticity. In general, reaction times to chro-
matic gratings were slower than to luminance gratings
of matched cone contrast, but the difference in response
depended critically on both contrast and speed. At high
contrasts, the difference was minimal, and at high
image velocities the reaction times were virtually the
Fig. 7. The smooth curves are the best fitting Pie´ron functions to
reaction times for luminance stimuli as a function of physical speed
(replotted from Fig. 2). The open symbols are reaction times mea-
sured at different contrasts at 25°:s (), 1°:s () and 10°:s (),
plotted as a function of apparent speed, calculated for each contrast
from Fig. 5. There is fairly good correspondence between trans-
formed data and the Pie´ron curves.
Fig. 6. Contrast dependency of perceived speed for luminance (
)
and colour () as a function of image speeds. Contrast dependency
is defined as the slope of the linear regression of the curves of Fig. 5,
on logarithmic co-ordinates. The bars show the error associated with
the fit.
same. One of the more obvious difference between
luminance and chromatic gratings was the strong de-
pendence of reaction times on contrast for the chro-
matic, but not luminance gratings, particularly at low
to medium image speeds.
Perhaps the major result is that for all the stimuli
studied here, reaction times to motion onset could be
predicted by perceived rather than physical speed, irre-
spective of contrast and chromaticity. Reducing con-
trast reduced perceived speed and increased reaction
times, in a totally predictable manner. The result was
particularly obvious for chromatic stimuli, where the
variation of both reaction times and perceived speed
was large. The reaction times for chromatic stimuli
could also be well related to those for luminance, when
plotted as perceived rather than physical speed. These
results suggest that the same mechanisms that cause
low-contrast chromatic gratings to appear to move
slowly also cause the slow reaction times to these
stimuli.
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As mentioned in the introduction, Hawken et al.
have suggested that fast and slow motion is processed
by two separate streams, that have different properties,
particularly their dependence on contrast [11,14,15].
The reaction time data reinforce this idea. Reaction
times to colour were similar to those of luminance at
high temporal frequencies, consistent with a common
stream for high speeds, but diverged at lower speeds,
where there was a strong contrast dependency for
colour but not luminance. However, the fact that all the
reaction time data fall on a single curve when plotted
against perceived speed suggests further that the sepa-
rate processing streams converge at some stage to
provide a single estimate of speed, and this determines
the reaction time response.
Most models of simple reaction time assume that
some form of information is being integrated over time
[35,36]. In this case, the integration probably reflects
the action of temporal filters, with a longer time-con-
stants for chromatic than for luminance stimuli. This is
consistent with a good deal of evidence showing that
the temporal response to chromatic stimuli is slower
than to luminance stimuli, from a variety of techniques
[13,32,37]. However, the differences are typically in the
Fig. 9. Velocity matches for chromatic gratings of various speeds, by
a luminance grating of matched contrast (12%). The match is quite
veridical at high contrasts, but under-estimates speed at the lower
speeds.
Fig. 10. The filled squares and open circles are reaction times to
luminance and chromatic gratings as a function of physical speed,
together with their best fitting Pie´ron formula (taken from Fig. 2).
The stars show the chromatic reaction times, plotted as a function of
apparent speed, using the calibration functions of Fig. 9. The trans-
formation tends to bring the chromatic data into line with the
luminance data.
Fig. 8. Same as Fig. 7, but for gratings modulated in chromaticity.
Again the two sets of data show close agreement, when the contrast
data are plotted as a function of apparent speed.
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order of 40 ms, probably not sufficient to account for
the enormous differences observed here (up to 600 ms).
It is perhaps relevant that retinal and geniculate
P-cells that respond to chromatic stimuli tend to have
much more linear contrast-response functions than do
M-cells, that show a strong non-linear contrast gain
response [21,38]. The almost linear dependency on con-
trast over a wide contrast range could explain, at least
in part, the stronger contrast-dependency for chromatic
stimuli. However, it would still be necessary to have a
mechanism capable of integrating motion signals over
long periods of times, to explain the current data. This
may be achieved by a second stage motion filter, of the
sort proposed to integrate information from local-mo-
tion detectors over space and time [39].
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